

















time interval to the next. The tme unit chosen to
describe the behaviors of the adult birds was 15 min.
This time unit was chosen because many discrete ac-
tivities of wood storks, such as carrying food back 1o
the nest, take time intervals as short as 15 min. Note
that this characteristic time differs from the daily time
step changes of cell water depth.

The first choices made by adult pairs during this
prenesting season were if and when to start nesting.
The rule that was followed in the model was that, if
the female could obtain 20% more than its food needs
for several consecutive days during the time period
after the end of the rainy season, she would start
nesting. Usually three or four eggs were produced
asynchronously per pair and hatching took place in
about three weeks.

After the start of nesting the decisions made by the
adults were guided by various constraints. Each adult
had to meet a maintenance energy demand each day.
To meet this demand the adult used the first part of
the food it collected in a given day for itself. The
individual birds usually foraged between 1000 and
1600 h each day, with each bird deciding when to start
and whether to follow others or to go by itself. The
location chosen by an individual for foraging was
based on its partial information concerning the sys-
tem. It was assumed that each wood stork had some
knowledge, perhaps obtained from visual cues when
flying or soaring, concerning the water depth of vari-
ous locations (cells in the model) in its foraging area,
but a wood stork was not assumed to know the prey
density in a given cell until it had sampled it for
some time (15 min). The wood stork could select a cell
in the appropriate water depth range, but randomly
otherwise, and forage for food in that cell. Alterna-
tively, it could decide to join one of several flocks of
birds from the colony that were already feeding. Al-
though each capture of prey by a bird was a stochastic
event, the rate of prey captures depended on the cur-
rent fish density of the cell. Because the wood stork is
a tactile forager, its foraging efficiency should be
roughly proportional to the (mean) density of prey
within a cell,

If the wood stork found no prey during a 15-min
interval, it moved to another cell, either one nearby or
at some distance, although there were greater costs in
travel time in flying to a more distant foraging site,
Again, it may choose to feed solitarily or join a flock.
Probabilities for such choices can be assigned in the
model. It should be noted that the presence of a flock
will usually indicate high food density, although it
may have been depleted already by the birds foraging
there.
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Figure 4. Simplified pattern of maximum daily food intake
of nestling wood storks over the nestling period.

Energetics and Growth Submodels of Nestlings

After obtaining sufficient food for itself, the model
wood stork would continue to forage for its offspring,
and it would decide at some point to bring food back
to its nestlings, either all the food that it could carry or
all that it was able to gather during the time it foraged.
The adult regurgitated its food inside the nest, and
there was “scramble competition” among the nestlings
for the food. According to the rule used in the model,
a greater proportion of the food was taken by the
largest nesthing, the next greatest amount by the sec-
ond largest and so forth, until all food was distributed.

The daily growth of the nestlings was computed on
the basis of the energetic value of the daily ration of
food brought by their parents. I)epeu(img on their
age in days since hatching, there is some maximum
that an individual nestling can consume (Kahl 1962).
This maximum increases linearly at first, then levels
off and finally declines as the nestling approaches
fledging (see Figure 4). From experimental measure-
ments (Kahl 1962), it is known that a nestling must
attain some threshold level of accumulated food
(taken here as 14 kg) in order to Hedge. If the nestling
does not receive this amount of food before the rainy
season begins and adult foraging capability decreases,
the model nestling will usually die, because the par-
ents will no longer be able to provide food at a rate
sufficient for its survival. Furthermore, if over any
five-day time period during the nesting season a nest-
ling receives less than a certain percentage of its cu-
mulative food needs, it will die. If the parents cannot
find enough food to meet their own energetic de-
mands, they will abandon their nest and the nestlings
will perish.

Experimental Design to Test Selected Hypotheses

Model experiments were carrvied out to compare
the three hypotheses under consideration: general
habitat loss, specific habitat loss, and increase in the
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frequency of major drydown frequency. The land-
scape used in the simulation represents the typical
core foraging area of a traditional wood stork colony
located in the estuarine headwater region of the
southern Everglades. In rough terms, the area con-
sists of a long-hydroperiod central slough upstream
of the colony site that is bordered by short-hydrope-
riod wetlands on both sides (Figure 3).

Baseline Hydrologic Scenario

For purposes of comparison, a baseline simulation
that approximates the predrainage landscape was
performed first. In this simulation, all peripheral
short-hydroperiod wetlands were present and con-
tained an initial low prey density (10 fish/m®) but
widespread distribution of prey (prey occurred in
80% of model peripheral short-hydroperiod wetland
cells), indicative of sufficient inundation during the
preceding wet season. Initial prey densities were high
(50 fish/m®) throughout all long-hydroperiod central
slough cells. Colonies of 50 and 250 pairs of wood
storks were simulated in this landscape.

Each pair produced three nestlings. There was no
mortality of adults over the reproductive period, and
the only potential source of mortality of the offspring
included was the possibility of starvation.

Alternative Hydrologic Scenarios

The hypothesis of specific habitat loss states that
the removal of a large fraction of the original periph-
eral short-hydroperiod wetlands led to a decline in
wading bird reproductive success. For the smaller col-
ony with 50 pairs, the model was used to examine
removals of 10%, 20%, 30%, 40%, 50%, 60%, 70%,
and 80% of the peripheral short-hydroperiod wet-
land areas shown in Figure 3 (equivalent to removing
those percentages of peripheral short-hydroperiod
wetland cells in the model). These correspond to 5%,
10%, 15%, 20%, 25%, 30%, 35%, and 40% of the total
area, since the short-hydroperiod wetlands and cen-
tral slough were each assumed to occupy half of the
total area. The larger colony with 250 pairs was simu-
lated for removals of 5%, 10%, and 15% of the short-
hydroperiod wetlands (corresponding to 2.5%, 5%,
and 7.5% of the total area). To determine whether the
short-hydroperiod wetlands have special importance,
these removals can be compared with removals purely
of central slough marshes. To compare the above hy-
pothesis with the general habitat loss hypothesis, ran-
dom mixtures of area, half from the peripheral short-
hydroperiod wetlands and half from central slough,
were removed.

The hypothesis of an increase in the frequency of
major drydown frequency states that the reproductive
decline is a result of low prey availability in the long-
hydroperiod wetlands (that is, the interior wetlands
and central sloughs) because of too frequent dry-
downs. To test this, we used scenarios in which the
initial prey base in the central slough cells was de-
creased to 10% of their baseline level (Loftus, per-
sonal communication). However, prey densities in the
short-hydroperiod wetland areas remained the same
as in the previous scenarios, as the highly eroded
landscape of these marshes provides numerous
drought refugia, allowing for greater fish survival in
the short-hydroperiod than in the long-hydroperiod
wetlands following major drydowns and, therefore, a
more rapid recovery of standing stocks during the
following wet season months (Loftus and others
1992). Compared to the baseline situation, these alter-
native scenarios together approximate the present
postdrainage conditions.

Results

Baseline Simulation Results

The baseline scenario represents a favorable dry
season, in which the drydown is at a steady rate with
no reversals in water depth decline, which could cause
nest desertion. For this scenario, the simulation re-
sults show the same basic pattern for both colony
sizes: early colony formation within 30 days after the
start of the simulation and a successful breeding sea-
son with high reproduction. The results of a typical
run of the 50-pair colony are shown in Figure 5. Nest-
ing started early (on day 5) and was over before the
wet season began around day 150. Each nesting pair
produced three eggs, all of which hatched, and the
number of nestings rose rapidly after about three
weeks after the first egg-laying (Figure 5A). Food
availability was high in this scenario, and all nestlings
survived. Around day 105 nestlings started to fledge
(Figure 5B). All nestlings received more than the 14
kg they required to fledge, as shown in Figure 5C.

The results of this simulation should not be
thought of as representative of every year in the pre-
drainage Everglades. Even under natural conditions,
hydrologic conditions are variable and can lead to
nesting failures.

Alternative Hydrologic Scenarios as a Test of
Specific Habitat Loss Hypothesis

When the peripheral short-hydroperiod wetlands
were reduced to 60% of their baseline area (that is,



@ 45 -
. A

vl L] Y

g 100 . .

S START OF COLONY .

5 FORMATION .

w 50 l . .

< N "

)
07 T r T T >
0 20 40 60 80 100 120
DAYS AFTER START OF SIMULATION

CR- .

8 .

2 100 .

-

2 .

w 50 .

1 []

u.

[ ]
o T 1
105 110 115
DAYS AFTER START OF SIMULATION

(]

14 145 15
ACCUMULATED FOOD INTAKE (kg)

Figure 5. (a) The number of nestlings in the 50-pair colony
during the entire breeding season. The first nestling ap-
pears on day 42 and the last one fledges after 115 days. (b)
The cumulative number of fledglings in the colony. (c) Dis-
tribution of total food intake of the nestlings at the time of
their fledging.

40% reduction), the colony with 50 pairs was still quite
successful. Colony formation was delayed by not more
than three weeks and, on average, each pair produced
more than two fledglings (Table 1). When 60% of the
short-hydroperiod wetlands were removed, the situa-
tion changed completely. A typical result (Figure 6A)
shows that nesting was delayed by approximately 100
days, because nesting adults could only forage effi-
ciently when water levels were low enough at the
edges and upper portions of the central slough. The
wet season with its water level reversal began around
the middle of the nesting period. Then adults could
not obtain enough food for their young and all the
nestlings starved, with a very rapid die-off beginning
about 20 days after the start of the rains (Figure 6B).
For a colony of 250 pairs, the results were different
(Table 2), because a colony this size could have a sig-
nificant effect on the prey density. The baseline sce-
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nario led to early colony formation and successful
reproduction. A 5% reduction in the areal extent of
peripheral short-hydroperiod wetlands did not
change the overall pattern, but increased the variabil-
ity in the timing of colony formation and fledging
success between different simulation runs (Table 2).
The 10% loss scenario produced highly irregular and
unpredictable results (large standard deviation). On
average, colony formation was delayed by about 60
days, but could start anywhere from 30 to 100 days
after the simulation started. The date of colony for-
mation changed with the number of pairs in the col-
ony that attempted to nest. If many pairs nested, the
date of colony formation was usually late (about
80-90 days after the start of the simulation run) and
reproductive success was low, because the wet season
set in before nesting was completed. If only a few of
the pairs in the colony attempted to nest, colony for-
mation usually started early (about 3040 days after
the start of the simulation) and most of the nestlings
that were produced were able to fledge.

The 15% loss scenario led to similar results as the
60% loss scenario for the smaller colony with 50 pairs.
Most of the simulation runs led to colony failures.
Nesting was delayed by more than 90 days, with only
40% of the pairs attempting to nest. Consequently,
reproductive success was low. The pairs that did nest,
however, were generally able to produce one fledg-
ling each. Late nesting and low reproduction was
partly due to the nonnesting pairs that did not con-
tribute to reproduction but represented a sink of prey
resources in addition to the background competition
by other wading bird species.

Results of removals of purely central slough cells
for the 50-pair colonies are shown in Table 3. Remov-
als of central slough habitat area above 40% had a
major effect on surviving fledglings. However, com-
parison of the day of colony formation in Table 1 and
Table 3 shows that the reasons are quite different.
Removal of the central slough area did not cause
much of a delay in the start of nesting or much reduc-
tion in nesters. However, it reduced the amount of
prey available to the wood storks late in the dry sea-
son, at which time mass starvation took place. Table 4
shows the results of removals of 5%, 10%, 15%, 20%,
25%, and 30% of central slough areas for a 250-pair
colony. For the 250-pair colony, the effect of central
slough removal is much less drastic than reduction in
short-hydroperiod wetlands, requiring over 30% re-
moval to have the same effect as a 15% removal of the
latter.

Finally reductions of the total area of 5%, 7.5%,
10%, 12.5%, and 15% were performed through ran-
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Table 1.

Results of computer simulations (based on 50 runs) of removal of different percentages of

peripheral short-hydroperiod wetland area: Day of colony formation (measured from the start of the simulation
at end of wet season), percentage of pairs that nest, and reproductive success for a colony with 50 pairs

% reduction short-hydro.
wetland area (total area)

Day of colony
formation (SD)

Number of
fledglings (SD)*

Percentage of pairs
nesting (SD)

100 148 (2)
99 (1) 147 (4)
96 (4) 144 (3)
92 (7) 131 (6)
87 (12) 112 (21)
67 (37) 43 (35)
34 (19) 6 (5)
19 (17) 2(2)

0(0) 9(2)
10 (5) 8(3)
20 (10) 13 (4)
30 (15) 15 (4)
40 (20) 19 (8)
50 (25) 32 (14)
60 (30) 98 (21)
70 (35) 103 (25)
80 (40)

no nesting in all runs

*The maximum possible number of fledglings is 150.
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Figure 6. A typical simulation for a colony with 50 pairs
when 60% of the peripheral short-hydroperiod wetlands
were removed. (a) The number of adult birds; (b) the num-
ber of nestlings in the colony.

dom removals of cells from both areas, so that roughly
equal amounts of area were lost. This is general habi-
tat reduction as opposed to specific habitat reduction.
The results of these removals are shown in Table 5. In
comparing these results with specific habitat removal,
recall that a 5% removal of one specific habitat corre-
sponds to 2.5% reduction in total area. Clearly, the
effect of the general habitat reduction lies between
that of the two specific habitat reductions that af-
fected the same total area. The reduction of short-
hydroperiod wetlands has a far more severe effect
than either equivalent reduction in general area or
long-hydroperiod wetlands.

Data on wading bird reproduction in the post-
drainage southern Everglades lends indirect support
to some model predictions. Figure 7A shows the per-
centage of wading bird breeding colonies in which
early nest initiation occurred and in which successful
nesting occurred. A greater percentage of early nest-
ing took place under low surface water conditions
(which occurred in 1989). The reason for the early
nesting under these circumstances is that in the post-
drainage Everglades, in the absence of high-elevation
short-hydroperiod wetlands, shallow water (i.e., avail-
able prey) exists early in the nesting season only when
initial dry season water levels are so low that the nor-
mally long-hydroperiod central slough areas start to
dry out early. If surface water conditions were nor-
mal, as in the model simulations, nesting would have
been greatly delayed. Only a small percentage of the
nests started under low initial surface water condi-
tions successfully produced fledglings (Figure 7). The
reason is that under low initial water level conditions,
the system usually dries out before the nestlings are
fledged, so there is reproductive failure, This is essen-
tially the story that the model tells.

Alternative Hydrologic Scenario as a Test of
Increase in Frequency of Major Drydown
Frequency Hypothesis

A test of the feasibility of this hypothesis requires
lowering of prey numbers in the long-hydroperiod
wetlands in order to model the effects of reduced
prey availability resulting from a major drydown dur-
ing the previous year. In the model simulations, prey
biomass in the central slough was decreased to one
tenth of the baseline value, but was kept at the same
level in the peripheral short-hydroperiod wetlands.
Figure 8 shows a typical result. Nesting was delayed
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Table 2. Results of computer simulations (based on 50 runs) of removal of different percentages of
peripheral short-hydroperiod wetland area: Day of colony formation (measured from the start of the simulation
at end of wet season), percentage of pairs that nest, and reproductive success for a colony with 250 pairs

% reduction peripheral Day of colony Percentage of pairs Number of
wetland area (total area) formation (SD) nesting (SD) fledglings (SD)*
0 (0) 10 (2) 100 742 (7)
5 (2.5) 13 (7) 95 (2) 794 (28)
10 (5) 63 (38) 62 (33) 162 (81)
15 (7.5) 95 (18) 39 (16) 21 (15)

*The maximum possible number of fledglings is 750.

Table 3. Results of computer simulations (based on 50 runs) of removal of different percentages of central
slough area: Day of colony formation (measured from the start of the simulation at end of wet season),
percentage of pairs that nest, and reproductive success for a colony with 50 pairs

% reduction central Day of colony Percentage of pairs Number of

slough area (total area) formation (SD) nesting (SD) fledglings (SD)*
0 (0) 7(2) 100 147 (2)

10 (5) 9 (5) 97 (1) 144 (3)

20 (10) 11 (5) 99 (2) 127 (4)

30 (15) 13 (7) 94 (4) 128 (12)

40 (20) 17 (9) 89 (5) 102 (32)

50 (25) 16 (7) 88 (3) 15(11)

60 (30) 21 (12) 85 (9) 2 (1)

70 (35) 23 (14) 81 (10) 0

*The maximum possible number of fledglings is 150.

Table 4. Results of computer simulations (based on 50 runs) of removal of different fractions of central
slough area: Day of colony formation (measured from the start of the simulation at end of wet season),
percentage of pairs that nest, and reproductive success for a colony with 250 pairs

% reduction central Day of colony Percentage of pairs Number of
slough area (total area) formation (SD) nesting (SD) fledglings (SD)*
0 (0) 10 (2) 100 749 (7)
5 (2.5) 13 (8) 97 (1) 721 (26)
10 (5) 14 (9) 96 (2) 711 (29)
15 (7.5) 15 (11) 95 (4) 687 (178)
20 (10) 12 (9) 97 (3) 159 (157)
25 (12.5) 13 (7) 94 (3) 102 (55)
30 (15) 16 (8) 95 (4) 32 (12)

*The maximum possible number of fledglings is 750.

and began around day 30 of the simulation. During
the first 70 days, when adults could utilize the short-
hydroperiod wetlands, enough prey was available.
However, prey availability in the central slough was
not high enough to supply sufficient food through the
entire breeding season. Most nests were subsequently
deserted, partly because adults could not satisfy their
own energy requirements and partly because all nest-
lings in a nest had starved. However, some of the
broods were reduced to one nestling each, and 10
nestlings managed to fledge.

This basic pattern occurred in all 50 simulations of
this scenario. Initially the colony showed the same
behavior as in the baseline scenario case, because prey
biomass in the peripheral short-hydroperiod wetlands
was not changed. Foraging success started to decrease
as soon as the short-hydroperiod wetlands become
dry and adults were forced to forage in the central
slough. Then brood reduction occurred in almost all
nests, immediately followed by a rapid and almost
complete collapse of the colony, reflecting the inabil-
ity of the adults to find enough food. Although a few
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Table 5. Results of computer simulations (based on 50 simulations) of removal of different percentages of
non-specific area: Day of colony formation (measured from the start of the simulation at end of wet season),
percentage of pairs that nest, and reproductive success for a colony with 250 pairs

% reduction Day of colony Percentage of pairs Number of
total area formation (SD) nesting (SD) fledglings (SD)*
0 10 (2) 100 742 (7
5 12 (6) 93 (2) 743 (3)
7.5 23 (6) 92 (3) 621 (49)
10 53 (34) 66 (4) 154 (33)
12.5 75 (4) 62 (7) 22 (21)
15 89 (18) 37(2) 4(2)
*The maximum possible number of fledglings is 750.
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Figure 7. Empirical data from the southern Everglades on
the percentage of wading bird colonies in which the nesting
is initiated early in the dry season, and in which the nesting
is successful, as a function of the initial water conditions.

pairs [7 (SD = 3); 50 runs] managed to support one of
their nestlings through the entire breeding season,
their remaining chick was often too small to fledge
successfully at the end of the nesting period.

Discussion and Conclusions

Model simulations are always highly artificial com-
pared with what happens in real ecological systems,
because of the way the model simplifies the environ-
ment and the biology of the organisms, Even the
highly dectailed individual-based simulation model
used in this study is a highly simplified picture of a
wood stork breeding colony. For this reason we do not
claim that the simulation studies were rigorous tests of
the hypotheses. What the model does, however, is
reveal some patterns that signify the importance of a

DAY IN SIMULATION

Figure 8. A typical simulation for a colony with 50 pairs
when the prey availability in the central slough was reduced
by 90%. (a) The number of adult birds; (b) the number of
nestlings in the colony. The colony collapses when the pe-
ripheral short-hydroperiod wetlands become dry and the
birds are forced to forage in the central slough.

heterogeneous landscape for the wood storks. The
wood storks require not only that their foraging area
contains sufficient prey biomass, but also that this bio-
mass be available at the right times. Under ideal con-
ditions, early in the nesting season, the short-hydro-
period wetlands supply most of the energy, whereas
later the long-hydroperiod wetlands supply the en-
ergy needed to successfully fledge the offspring. A
major loss or disruption of either specific habitat
could cause reproductive failure. The simulations
thus indicate that both spatial extent and spatial heter-
ogeneity are landscape characteristics that must be
taken into account in describing a population.



Wood storks are highly mobile and individuals can
move from one place to another on the landscape as
their needs change or as the landscape itself changes;
that is, as one area of the landscape becomes unfavor-
able from the point of view of food availability or the
presence of predators or competitors. Only by having
a large spatial area available are individual wood
storks able to meet their demands for food, and espe-
cially the demands of offspring, over an entire yearly
cycle. These considerations led to the hypothesis that
specific habitat loss has resulted in the decline of wood
stork reproductive success during the past few de-
cades in the Everglades. In particular, it was hypothe-
sized that loss of a great amount (85%) of the histori-
cal short-hydroperiod wetlands resulted in a decrease
in available prey in the early part of the dry season,
the time that the wood storks are preparing to begin
nesting. The lack of significant foraging area in the
landscape forces the birds to postpone nesting until
later in the dry season, when water levels in the long-
hydroperiod wetlands have declined sufficiently that
feeding is possible in them.

The results of model analysis reported here sup-
port the hypothesis of specific habitat loss in the
Everglades. The deficiency of wetlands with water in
depth ranges appropriate for feeding until February
or March in the 60% peripheral short-hydroperiod
wetland loss scenario caused a delay of several weeks
in the initiation of colonial nesting, even for a small
colony of 50 pairs. As a result, few or none of the
nestlings reached the fledgling stage before the rainy
reason began, at which point prey availability de-
creased and nestlings starved or nests were aban-
doned.

This reduction of a specific habitat type required
by the birds on a seasonal basis for successful repro-
duction, and their resulting inability to nest success-
fully as a result, may be referred to as a habitat bot-
tleneck. The reduction of prey resources in all
habitats for several years following a major drydown
also creates a resource bottleneck for nesting pairs in
subsequent years. These habitat and resource bottle-
necks represent alterations in the spatial heteroge-
neity and temporal variability of the landscape,
respectively. Without both the short-hydroperiod
wetlands to influence proper timing of nest initiation
and the long-hydroperiod wetlands to provide avail-
able prey to sustain adults and nestlings through the
latter part of the nesting period, reproduction cannot
be successful.

Drainage and the initiation of water management
regulation have changed the spatiotemporal land-
scape characteristics of the Everglades, leading to a
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decrease in spatial heterogeneity. The lessons learned
from the model suggest that this spatial heterogeneity
must be restored if wood stork populations are to
return to their historical levels. We specifically recom-
mend restoration of at least someof the short-hydro-
period wetlands that were removed on the eastern
edge of the historical Everglades. Because these east-
ern short-hydroperiod wetlands are rich in limestone
solution holes that can serve as refugia for fish during
the dry season, they could be expected to maintain
high populations of fish and aquatic macroinverte-
brates that can serve as prey for the wood storks.
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